The use of agricultural-based biofuels has expanded. Discussions on how to assess green house gas (GHG) emissions from biofuel policies, specifically on (non-observed) land-use change (LUC) effects involve two main topics: (i) the limitations on the existing methodologies, and (ii) how to isolate the effects of biofuels. This paper discusses the main methodologies currently used by policy-makers to take decisions on how to quantify LUCs owing to biofuel production expansion. It is our opinion that the concerns regarding GHG emissions associated with LUCs should focus on the agricultural sector as a whole rather than concentrating on biofuel production. Actually, there are several limitations of economic models and deterministic methodologies for simulating and explaining LUCs resulting from the expansion of the agricultural sector. However, it is equally true that there are avenues of possibilities to improve models and make them more accurate and precise in order to be used for policy-making. Models available need several improvements to reach perfection. Any top model requires a concentration of interdisciplinary designers in order to replicate empirical evidence and capture correctly the agricultural sector dynamics for different countries and regions. Forgetting those limitations means that models will be used for the wrong purposes.
INTRODUCTION
The use of agricultural-based biofuels has been expanding worldwide, with the expectation that they can be used as a source for reducing green house gas (GHG) emissions. However, the question has turned out to be the real effectiveness of these biofuels in targeting GHG emissions when taking into account land-use changes (LUCs).
Discussions on how to assess GHG emissions from biofuel policies, specifically on (non-observed) LUC effects involve two main topics: (i) the limitations on the existing methodologies, and (ii) how to isolate the effects of biofuels.
Ideally, biofuel GHG emissions associated with LUC should be measured as the direct conversion (when a biofuel feedstock such as sugarcane directly displaces another land use) plus the indirect conversion (when a productive land use displaced by a biofuel feedstock promotes the conversion of native vegetation elsewhere at the first degree or as a knock-on effect). The key point related to LUC is that only the local direct effect can be empirically observed and measured. In global analyses, e.g. for a country or territories, both the direct and indirect effects can be measured through models. For the purpose of this paper, it is the global land-use effect that is under evaluation and, therefore, we assume that the indirect land-use change (ILUC) concept encompasses the direct effect.
The objective of this paper is to discuss the conceptual and methodological limitations of the quantitative approaches and models used by policy-makers to assess LUCs caused by the expanding agricultural-based biofuels. Furthermore, this paper indicates how to overcome those limitations with respect to data generation and establishment of accurate cause-effect relations between the expansion of agricultural production and native vegetation conversion.
Broadly speaking, four sets of methodologies can be used to quantify LUCs and, consequently, estimate GHG emissions: economic models (partial and general equilibrium models), biophysical models [1] , fine-scale models (spatially explicit models) and deterministic approaches. Several complex models combine an economic module to determine market equilibrium supply and demand with biophysical models in the land-use module. There are economic-biophysical models integrated to *Author for correspondence (amnassar@iconebrasil.org.br).
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fine-scale models or fine-scale models that use economic arguments to distribute the use of land at the grid level.
Owing to adoption by policy-makers, economic models and deterministic approaches are discussed in more detail here. Spatially explicit models and biophysical models are discussed only in conjunction with economic models. The discussion developed in this paper is focused on how models estimate the use of land and the assumptions that determine the cause-effect relations between the expansion of the agricultural sector and native vegetation conversion and between competition for land and land intensification.
The development of methodologies to quantify land use and changes is not new [2] . Although the issue has gained a sharp push owing to the need for measuring GHG biofuel savings, it had been raised in the context of other debates such as deforestation and agricultural and livestock production expansion, rural-urban interfaces and land occupation planning, among others. What is new in the current debate about biofuels and LUC is the use of methodologies to set precise policy targets, such as the attribution of a value for GHG emissions associated with worldwide LUCs.
Policy-makers find themselves in a chicken and egg situation: they know that LUC emissions have the potential to undermine biofuel GHG savings, but they are hesitant in setting values for LUC emissions because there are still several uncertainties associated with the methodologies available. Should they stimulate consumption and wait for the methodologies to improve or should they promote the improvement of the methodologies before adopting biofuel programmes? The US Environmental Protection Agency (US EPA) has opted for the first option, while the California Air Resource Board (CARB) is inclined to the second. The European Commission (EC) has found an intermediary option, stimulating biofuel consumption but postponing the decision on how to quantify LUC emissions.
As a conceptual principle, this paper defends the use of models to quantify ILUC effects of agricultural expansion. In practical terms, this paper argues that (i) the limitations in the existing models must be overcome in order to use model results for defining policy targets for biofuel GHG emissions, and (ii) models are a very powerful tool when used to assess land-use effects of the whole agricultural sector rather than biofuels only.
INDIRECT LAND-USE CHANGE ON BIOFUELS: REACTIONS FROM POLICY-MAKERS
In March 2009, CARB [3] published the proposed regulation to implement the Low-Carbon Fuel Standard (LCFS). As of that date, the discussion on how to measure GHG emissions associated with land-use effects has gained the contours we currently know, namely an approach based on quantitative assessment, i.e. with the objective of establishing an indicator of carbon intensity per unit of energy produced, commonly known as the ILUC factor. It is widely acknowledged that the decision by CARB to use the Global Trade Analysis Project (GTAP) model as a methodology to estimate ILUC factors was a reaction to papers previously published alerting to the risks associated with the indirect land-use effects of biofuels [4, 5] . The US EPA [6] under the provisions of the Renewable Fuel Standard (RFS) followed the same path as CARB. They have also established feedstock-specific ILUC factors although using different sets of economic models-mainly the Food and Agriculture Policy Research Institute's (FAPRI's) world models and the Forest and Agricultural Sector Optimization Model (FASOM) for scenarios focused on US domestically produced feedstocks. Lately, EPA has published the revised version of the RFS-2 regulatory impact analysis [7] , with new results for ILUC emissions but still using economic models as the main instrument to calculate emissions associated with LUCs.
More recently, the EC has also indicated that a quantitative approach based on economic models might be used to calculate ILUC emissions, at least as one of the possible options established by the Renewable Energy Directive (RED) and the Fuel Quality Directive (FQD). Because the European Union (EU) market is very diverse in terms of feedstock supply, studies carried out by the EC were very comprehensive. They cover several models and specific situations for different feedstocks and regions: AGLINK, MIRAGE, CAPRI, LEITAP, GTAP, IMPACT and FAPRI [8 -11] . Differently from the USA, the EU has indicated that it will combine quantitative and non-quantitative measures to tackle the ILUC problem.
Quantitative assessments based on models, either partial and general equilibrium economic models or causal-descriptive models, have been the policymakers' preferred methodologies. Moreover, judging from submissions available in the public consultations carried out by CARB, EPA and the EC, they are the preference of several private and non-profit entities as well.
Models, however, are means to an end and not the end per se. If a quantitative assessment for biofuels ILUC is deemed absolutely necessary, models are the best alternative available to give responses to concerns on the issue. Models result from the assumptions behind them, hence model outputs should be set in relative terms. Can model results be used for setting policy targets in terms of ILUC emissions? Are model results strong enough to distinguish good feedstock from bad ones regarding biofuels? Agricultural-based biofuels compete for land with other uses of agricultural feedstocks. Are the available models capable of capturing and isolating biofuel effects on land use independently of other sources of demand for agricultural products? Considering local, national or regional biofuel policies, how are regional or country-specific effects measured using world models?
THE AGRICULTURAL SECTOR IS THE DRIVER FOR LAND-USE CHANGE
Nobody would contend with the fact that the agricultural sector is the main driver for LUC worldwide. The evolution of the expansion of the agricultural sector over time confirms that it was responsible for substantial conversion of native vegetation land. Analyses conducted by Gibbs et al. [13] of regions in which the agricultural sector has been growing steadily show that forests were the main primary source of new agricultural land in the 1980s and 1990s. In some regions, such as West Africa, Central Africa, South Asia and southeast Asia, more than 90 per cent of new agricultural land occupied forest and disturbed forest land. Even in South America, East Africa and Pan-Tropics where savannahs, grassland and shrubland have more relevance, land previously occupied by forests is still the main source of new agricultural land.
Country studies also show the same pattern. With an expansion of 1.63 million ha in the State of Mato Grosso, Brazil, from 2001 to 2004, crops have displaced roughly one-third of pastures, one-third of savannahs and the last third of forest [14] . Out of the 3.8 million ha of accumulated forest deforestation, 2.34 million ha were occupied by pasture and 0.54 million ha by cropland.
Those studies lead us to conclude that taking the past as a pattern for the future, agricultural land will continue to grow and more native vegetation will be brought into production, despite yield growth. Those studies show that although being raised in the context of the biofuel economy, LUC is a much broader topic and intrinsically associated with the agricultural and livestock sectors as a whole. Increasing food consumption, changes in consumption patterns and changes in demography, therefore, are much more relevant in promoting LUC than biofuel demand.
Any assessment of the future use of land requires a previous analysis on how it is used. The agricultural sector uses a lot of land, but the question arises about how efficiently it is used. Although quantifying the efficiency of land use is rather difficult, there is evidence supporting the argument that all in all, productivity of land is still low. The example of pastures is illustrative.
Cultivated and natural pastures 1 occupy two-thirds of the land used for agriculture in the world, while the other third is cropland. In South America, Africa and the developed regions of the Pacific (mainly Australia and New Zealand), however, land allocated to pasture is 4, 3.5 and 7 times higher than for crops, respectively [12] . Although it is not the case for Australia and New Zealand, because a large share of pastures is located in dry regions, in South America (Brazil, for sure) and Africa land suitable for crops is still being used for pastures. In the case of Brazil, for example, Sparovek et al. [15] estimate that out of 211 million ha with pasture, between 61 and 72 million ha has high or medium suitability for annual crops. 2 In those regions, extensive cattle-raising systems predominate in livestock production. Still exemplifying with the Brazilian case, 155.5 million heads of cattle are raised in extensive pasture systems and 22.4 million heads in degraded pastures systems [16] . 3 Only 25 million heads are raised with feed supplementation. Productivity of land under pastures is very low and there is still land under pasture use that is suitable for crops.
Agricultural land, in some regions of the world, is definitely not used efficiently, which means that agriculture expansion does not need to take place to the detriment of native vegetation conservation.
MODELS: LIMITATIONS AND IMPROVEMENTS REQUIRED
This section is devoted to discussing which questions regarding LUCs and biofuels can be answered by different models and methodologies available. Economic models and causal-descriptive models are analysed separately. The integration of spatially explicit models with economic models is discussed together with the methodologies to quantify GHG emissions. Questions related to mean and marginal land-use effects are also put in perspective herein.
Isolating biofuel contributions to indirect land-use change: mean and marginal effect
Land allocation and ILUC are different concepts. 4 Most economic models, having only aggregated geographical units, do not project indirect change in land use. Given that all of them allow for competition between productive uses of land, only direct LUC can be derived from models. Economic models, therefore, work with marginal change to estimate ILUC. Relying on marginal against baseline scenarios, economic models are able to isolate the impacts of biofuel expansion in LUC, accounting both for direct and indirect changes.
Consequently, models are not capable of estimating crop-specific LUCs at the mean. From the baseline scenario, it is possible to evaluate LUC caused by the expansion of the whole agricultural sector. However, to estimate the contribution of individual commodities to direct and ILUC in the baseline scenario, some methodology based on allocation assumptions is required. Calculating the contribution of individual activities to the advancement of the agricultural frontier using historical data (thus not dealing with marginal LUCs) is one of the objectives of causal-descriptive methodologies.
The distinction between mean and marginal is taken as trivial in the debate on biofuel ILUC, but there are some nuances that should not be ignored. As noted by Brander et al. [17] , the mean is the emissions spread across the total production of feedstocks, whereas the marginal is the emissions spread across the increase in output. In life cycle analysis language, the mean is calculated using the attribution approach, whereas marginal is calculated from the consequential approach. Biofuel life cycle assessment (LCA) calculations are based on attribution emissions, 5 while ILUC calculations use the marginal approach. Applying a consequential approach to calculate LCA emissions for fossil fuels, for example, would lead to higher emissions compared with mean results available. In the case of biofuels, however, owing to future technological developments, a consequential LCA would find lower emissions.
The discussion about mean and marginal emissions can also be applied to the methodology used to calculate LUCs. In the case of causal-descriptive models that rely on historical data on land use, LUC is not calculated at the margin. However, if an allocation methodology is used to estimate the individual contribution of each activity to the advancement of the frontier, the results are equivalent to a marginal calculation and emissions can be calculated across the increase in output. However, in order to compare the contribution of each feedstock with LUC emissions per unit of biofuel produced, mean emissions are more appropriated to describe the average impacts. The challenge in calculating mean impacts lies, as mentioned, in isolating the individual indirect contribution of each feedstock to the conversion of natural vegetation ecosystems.
Land use in partial and general equilibrium economic models
In order to appreciate the contributions of economic models to the debate on measuring ILUC, it is important to understand how land use is treated by the different models. In that sense, although some interfaces are found, partial and general equilibrium models have their own specificities regarding how land use is assessed, i.e. how competition for land is specified and what assumptions are used. It is, therefore, the land use module of the models, how models incorporate restrictions on land availability and assumptions used to estimate parameters that govern competition for land that are relevant to this paper. Partial equilibrium (PE) models rely on own-and cross-price elasticities to establish area responses to price or to market return changes. In general, PE models estimate land demand for individual crops and allow them to compete for land through cross-price elasticities. The interactions among crops that result from this competition are not expected to be understood as quantification for LUC. The competition is allowed mainly to make models consistent with the reality, given that changes in relative prices surely influence supply responses and individual choices.
However
Conversely, the same is not true for regions with additional land available for crops that are both native vegetation land and managed pastures. The competition effect, in that case, is able only to partially explain LUCs owing to the expansion of crops. This is true because the competition effect does not capture the contribution of individual agricultural products to the conversion of the frontier (native vegetation land). We refer to that effect as the scale effect.
The scale effect, however, is a consequence of two simultaneous factors: (i) displacement of agricultural uses (which is measured by the competition effect) net of productivity gain, because displaced crops or pastures might be compensated somewhere else, and (ii) growing demand. As a matter of fact, although there are some methodologies available to model the scale effect, isolating the contribution of competition and increasing demand on the advancement of the frontier is not an easy task. That is why ILUC is often measured marginally.
To make measuring of the advancement of the frontier a much easier task, it is essential to estimate land supply elasticities responding to compound prices and have constraints in availability of land implemented into the models. That is the main contribution of biophysical models such as IMAGE to general equilibrium models: incorporate geospatial information as inputs on economic models, especially regarding land cover and land availability [19] .
Although it is perfectly possible to implement land supply elasticities and land availability into PE models [20] , owing to the complexity involved in obtaining global data, PE models such as AGLINK and FAPRI's world models are not yet prepared to project advancement of the frontier. 6 In addition to that, another important limitation of global PE models is the absence of pasture. As mentioned in §1, pasture accounts for two-thirds of the agricultural area worldwide. Assessing its convertibility into cropland is a key issue and one of the reasons why global PE models do not model them. A similar argument made for land availability can also be used for pastures. In regions with no agricultural frontier, farmers are (or should be) already maximizing the use of cropland, and pastures are confined to areas not suitable for perennial and annual crops. This is true for Europe, the United States and Australia, for example. However, in regions such as South America and Africa, pastures still occupy land that is suitable for crops. Not coincidently, the presence of more efficient cattle raising production systems, such as finishing feedlots and semiintensive systems, is marginal in those regions.
The way models treat pastures (or do not) is a good pretext to move the discussion to the limitations of general equilibrium models (computable general equilibrium (CGE) models). 7 The basic approach used by CGE models to simulate competition for existing land is the constant elasticity of transformation (CET), which governs the transformation of land from one type to another. A key parameter of the CET is the elasticity of land transformation (in general, denoted as s). Specifically, in the case of GTAP, three types of land use are simulated: cropland, pastureland and accessible forests [26] .
Each CGE model has a specific decision tree to simulate land competition:
-MIRAGE [8] , on the other hand, has two levels of substitution: the upper level considers the substitution between forest land and total arable land and the lower level considers the substitution between pasture and cropland [23] ; -The MIT IGSM distinguishes between managed and unmanaged forests as well as pasture/grazing and unmanaged grasslands [24] ; -The IMAGE model also has a specific land allocation tree as an extension of the GTAP [27] . Non-agricultural land competes with vegetables, fruit and nuts, other crops and field crops and pastures in the lower level. In the middle level, pasture, sugar crops and cereal, oilseeds and protein crops compete for land with a different elasticity of transformation.
The CET depends on the share of total returns for each land type and the parameter s. Given that s is single for each level of the land allocation tree, such allocation is driven by changes in return for land-use types. There are two main limitations associated with the CET function as the driver for land allocation: the parameter s is not calibrated by real data having implications for the own-and cross-price elasticities of land-use types [28] that are often not supported by empirical analysis;
and it is very difficult to check whether relative land revenues are moving in the expected direction because land-use types are aggregated in wide groups such as cropland, pastureland and forestland. Without getting into the details of the CET function, the reality is that the function is not intuitively understandable, except for people who run CGE models. It is not impossible to find results hardly explainable because all interactions among different CETs within the models are not easily traceable. Different and more rationally justifiable land allocation trees can be established, as employed by MIRAGE, MIT IGSM and IMAGE, but the need for improving the CET function for land allocation purposes is widely recognized [22, 23, 28] .
Another limitation of CGE models is the method applied to calculate land returns for pastures. In CGE models, grazing-land rental values are established based on beef prices and not on cattle herd structure and cattle slaughter. Ranchers, however, do not sell beef but cattle for slaughter. Besides that, evidence in countries such as Brazil shows that that the size of the cattle herd and deforestation rates are twin curves [29] .
Besides handling pastures, another advantage of CGE models is that forest conversion is calculated as a function of changes in relative returns and not as a residual of the total agricultural land expansion as in several PE models. For that purpose, forest land returns are established. However, that advantage is also a weakness of the CGE models because several simplifications are made to calculate forest land revenue. In some cases, the revenue is calculated as a function of the price of timber, which makes sense in regions where forest is mainly cut for timber purposes. However, several other drivers for logging can be established such as the use of wood for pig iron production, lack of land ownership, real state valorization, which are incentives granted by the state as a way to occupy national territories, among others.
Owing to the problems associated with the CET function and the absence of cattle herd structure as previously discussed, CGE models do not accurately capture the intensification capacity of the cattleraising systems. Consequently, they tend to underestimate pasture intensification when simulating land conversion.
CGE and PE models share the same limitation as to the problem of establishing the type of native land displaced. Even if the model is able to simulate land allocation among productive and non-productive uses, given that geographical units are, in general, very aggregated, in order to calculate GHG emissions associated with LUCs exogenous criteria to the models are necessary, to define which type of native vegetation is displaced. An example of an exogenous criterion is assuming that native vegetation conversion in the future will follow trends observed in the past as done by Al-Riffai et al. [8] .
The use of agro-ecological zones (AEZs) by CGE models is a step forward, but the problem of the level of aggregation still persists. Some PE national models also have sub-regions such as the Brazilian module of the FAPRI's world models [30] , to which we refer as 7 With respect to the limitations of CGE models, especially GTAP, in handling land supply and land use, it is worth mentioning the reports produced by the LCFS expert group commissioned by the California Air Resources Board. Several reports analyse the limitations of CGE models in treating land allocation by different uses, yield responses to prices and productivity of new land, all relevant topics to understand how models deal with land-use changes [22] [23] [24] [25] .
the Brazilian Land Use Model (BLUM) 8 and the FASOM [31] . Ideally, however, to calculate the GHG emission associated with LUC models should be explicitly spatial, as is the case of MIT IGSM. However, as acknowledged by Reilly [24] , 'details may not improve predictions'.
Some attempts at creating interfaces between economic models and explicitly spatial models are being developed [11, 16] , as discussed in §4.3. Although those applications represent a methodological route to be pursued, they are still in the early stages of development in our opinion.
One key issue to be resolved is the frontier that separates these two models. While economic models allocate land according to prices and returns, spatial models use biophysical variables. Economic variables and data, however, are not available at grid levels as in the case of the spatial models operation. This is why there are strong limitations for the economic model to simulate land allocation at very disaggregated geographical units. Establishing an optimal geographical unity for the interface between economic and spatial models has been an ongoing work.
Converting land-use changes into green house gas emissions: fine-scale models
A relevant issue with respect to quantifying LUC GHG emissions using economic models is methodology. The truth is that the quantification of LUC emissions is not an easy task. Several intermediate steps are needed to convert land allocation calculated by economic models into GHG emissions. The usual methodology is to multiply hectares of land by emission factors to calculate GHG emissions balance. However, the calculation of per hectare emission factors is also a complex matter, because it requires assumptions about the type of land that is both directly and indirectly converted by the expansion of biofuels. Geographical unity is also relevant. Emission factors are sometimes defined for aggregated regions, like the AEZs used in general equilibrium models, or in the level of geospatial grid cells, when spatially explicit models are used for calculating GHG emissions balance. The geographical unity definition depends very much on the region of coverage of the models.
Global PE models, such as AGLINK and FAPRI's world models, estimate land allocation by country. Therefore, unless a spatial model is used to disaggregate the land-use results, the emission factors have to be defined at the country level as well. In that case, an exogenous criterion is necessary to calculate weighted average emission factors. Regional or national PE models that are based on the bottom-up approach, such as FASOM and CAPRI, optimize the distribution of land demand into disaggregated geographical units (counties or municipalities, for example).
Integrating economic models with fine-scale landuse models is therefore absolutely necessary, in order to get more precise quantifications of LUC GHG emissions. The limitations here are not methodological because several spatially explicit models are available [11, 19, 32, 33] . The application developed by Verburg [18] integrating LEITAP, IMAGE and CLUE-S (spatially explicit LUC model for the European region) is a clear demonstration that fine-scale models are necessary to establish accurate land-use patterns. The limitations are related to data availability and global coverage, given that spatially explicit models are in general available for specific regions, as it is the case of CLUE-S models or deforestation models that are restricted to regions where the agricultural frontier is expanding.
Causal-descriptive methodologies
As can be seen, policy-makers in the USA and the EU are inclined to take models as the main instrument to quantify ILUC effects owing to the expansion of biofuels. Nonetheless, economic models do not have the supremacy as an exclusive methodology. Several models are not publicly available and even if they were, the assumptions and equations behind them are not 'transparent'. Thus, by making use of a quite commonly used argument, other methodologies have been proposed for a quantitative assessment of the ILUC effects. Following the same denomination used by the UK Department for Transport, ILUC impacts of biofuels can be modelled using causal-descriptive approaches [34] . Deterministic or causal-descriptive methodologies have been proposed as reactions to the use of PE and CGE models to measure ILUC for biofuels. Supporters of causal-descriptive methodologies argue that economic models are not transparent and too dependent on not empirically demonstrable assumptions.
Those are methodologies that, based on assumptions about cause -effect relations and allocation parameters combined with some assumptions, also serve the objective of establishing ILUC factors. The main purpose of those methodologies is to establish, based on observable historical data, patterns of LUCs. Those patterns are used to define direct and indirect contributions of individual agricultural uses in the advancement of the frontier. Given that the indirect contribution is not observable, allocation criteria are used to evaluate the cascade effect and, therefore, attribute indirect responsibility in the frontier expansion.
Several studies are pursuing the development of deterministic methodologies [34] [35] [36] [37] aiming at establishing ILUC factors for biofuel feedstocks and consequently, influencing the policy debate.
However, although determinist methodologies are, at least conceptually, more advantageous in that it is more transparent and apparently more intuitive than the economic modelling, it still needs further study and public debate to instate itself as an acceptable methodology. Apart from this, the problems associated with this methodology, such as the establishment of the allocation based on overaggregated land usage data, are similar to the deficiencies observed in the economic models.
The problem of using aggregated geographical units can, theoretically, be overcome if allocation coefficients are based on satellite images as well as other basic assumptions able to reproduce the complex dynamics involved in the ILUC concept. However, establishing land-use transitions based on satellite images is also subject to technical difficulties [38] .
Another issue associated with the use of allocation coefficients is how to account for productivity gains. In the presence of productivity gains, the displacement of 1 ha of a certain crop can be offset with less than 1 ha in the future to supply the same amount of production. Therefore, cause -effect relations should be defined based on both area and production changes.
Evaluating production changes is important mainly in pasture-fed beef production because displacement of pastures by crops in a certain region only needs to be offset if beef production is not increasing in the same region.
Tackling the problem of the so-called knock-on effects is an additional limitation. Assume that it is possible to establish a precise allocation coefficient of the indirect displacement of pasture owing to the expansion of sugarcane over soybean (for instance, soybean is directly displacing pasture). Assume also that pasture is directly displacing forest and, by an allocation criterion, only soybean is indirectly displacing forest. What is the cause-effect relation between sugarcane and forest conversion?
As discussed, causal-descriptive methodologies rely on allocation criteria to isolate the contribution of each agricultural land use in the conversion of the frontier. Satellite images and secondary data can provide evidence for establishing patterns of direct LUC. It should be noted that the indirect effect, which is not empirically observable, depends on some assumptions to be used for setting criteria that will attribute responsibility of land conversion to individual agricultural land uses. 
FINAL REMARKS: SEARCHING FOR THE TOP MODEL
Models have been adopted by policy-makers in biofuel regulations (i) to assess the magnitude of indirect effects associated with LUCs, and (ii) to estimate ILUC factors for individual biofuel feedstocks that will count on GHG emissions of biofuels.
Crop-specific indirect effects, however, are not observable in the real world. Reality does not evolve in marginal scenarios allowing for the isolation of the individual agricultural use contribution to the changes in land use. Reality does not provide enough evidence to allocate accurately the indirect contribution of each agricultural land use to the conversion of the frontier. This paper discussed several limitations of economic models to deal with LUCs caused by the expansion of the agricultural sector. On the other hand, let us not forget that there are avenues of possibilities to improve models. Making the models at issue more accurate and precise is worth the while. Just to mention one alternative: calibrating economic parameters such as own-and cross-price elasticities and land supply elasticitiesbased on historical LUCs identified by satellite imagery and remote sensing techniques-is an obvious one. Satellite imagery can also be used for establishing land use transition matrices improving the work done by Lubowski [39] and Gibbs et al. [13] , not only covering several regions around the world but also getting very detailed data in terms of geographical units.
The expansion of the agricultural sector is still not a common phenomenon. Several issues such as the productivity of new land, yield trends and responses to price changes, rain-fed cattle intensification capacity, the regional agriculture dynamics (in a single country or among countries), the several different production systems (such as multi-cropping, integration of cropland, pasture and/or planted forest), the sugar-ethanol substitution dynamics, and deforestation drivers, although included in several models, are not well enough known to be represented in mathematical equations and economic parameters. In addition, there are many improvements to manage with respect to carbon stocks and emission factors that are inputs for LUC and ILUC affect calculations.
Above all, models can definitely be improved and ongoing discussions and concurrent studies can lead to results converging to an acceptable confidence interval. Time and concurrent studies are, in our opinion, creating consensus about results that are reasonable and segregating those that do not pass on scrutiny. Several studies measuring ILUC effects with strong impacts in the early stages of the debate are losing importance as results from new studies start to converge. The search for the best model continues.
Using models to calculate ILUC factors, therefore, is a correct use of models, even vis-à-vis all the limitations discussed in this paper. However, assuming a model's calculated ILUC factors as policy targets for GHG emissions is a strong call when we consider the limitations discussed in this paper. In other words, the models are not wrong but they can be misused by policy-makers and stakeholders who have embraced ILUC as an anchor to undermine the development of the biofuel market.
Models have long been used for policy evaluation and design. The models available, therefore, must be widely used to evaluate biofuel policy, not only in terms of consequences for LUCs, but also impacts on prices, on yields, on changes in production distribution, and other adverse effects of policies that are expected to be minimized. However, using models to make a priori judgements about the expected adverse consequences of biofuel expansion, such as imposing a heavy ILUC factor penalty on biofuel feedstocks is not a correct use models. After all, ILUC factors should be established for all agricultural-based sources of LUCs.
In conclusion, it is a fact that the desirable model for evaluating biofuel LUCs worldwide is still not available. The current models need several improvements to reach
